Renal angiotensinogen (ang-n) mRNA concentration in the male WKY rat increases significantly during puberty. Furthermore, renal angiotensinogen mRNA level in the adult female WKY rat is considerably lower than in the male. The present study investigates the role of androgen in differential renal ang-n mRNA expression. Northern and slot blot analyses with a-32P labeled ang-n cDNA (pRang 3) demonstrated that castration lowered ang-n mRNA levels in the male kidney by 2 60% compared with control, suggesting that androgen may be involved with renal ang-n gene regulation. Moreover, male WKY rats castrated as weanlings and normal adult female WKY rats each implanted with testosterone displayed significant (P < 0.05) increases in renal ang-n mRNA levels. Our observations, taken together with previous reports that androgen influences proximal tubule morphology and the tubular expression of transport proteins (e.g., Na+/H+ antiporter), may have important physiological implications for understanding the relationship between androgen and angiotensin in the regulation of tubular function.
Introduction
Angiotensinogen is synthesized in many extrahepatic tissues including the kidney (1) . It has been proposed that the locally generated angiotensin may contribute directly to the regulation of local tissue functions (2, 3) . In a previous study we demonstrated that renal angiotensinogen (ang-n)' mRNA expression is regulated by sodium (4) . An in situ hybridization study performed in our laboratory localized renal angiotensinogen mRNA to the proximal convoluted tubule and the intrarenal vasculature (5) , providing evidence for a complete renin angiotensin system within the kidney and suggesting a possible physiologic role for local angiotensin in the proximal tubule. In the present study we investigated renal angiotensinogen mRNA expression in both adult male and female WKY rats and also in immature male and female rats during their growth and development. We studied further the role of androgen in renal angiotensinogen expression by examining the effects of castration followed by testosterone replacement in the adult male rat. In addition, the testosterone effect on female rat renal ang-n mRNA level was examined.
Methods

Animals
All WKY rats studied were obtained from Charles River Breeding Laboratories (North Wilmington, MA). The following protocols were performed.
Study ofadult male versusfemale rats. WKY male and female rats (aged 12 wk) were studied in the baseline state on a normal diet (Purina Lab Chow) with free access to water.
Testosterone replacement ofcastrated male rats. Male rats castrated as weanlings and raised to maturity were used for testosterone replacement studies. 50-mg pellets (Innovative Research, Toledo, OH) designed to release 2.5 mg/d oftestosterone (n = 4) or vehicle (n = 4) were implanted for 20 d, after which time animals were studied. Weights and blood pressure were similar at death in all animals.
Testosterone treatment offemale WKY rats. Adult female WKY rats were treated with testosterone (n = 6) or vehicle (n = 6) in the form of slow-releasing pellets for 20 d as above. Note that in animals treated with testosterone, blood pressure was similar in control and treated animals, as were weights at death.
Developmental study ofmale versus female rats. WKY male and female rats were studied at day 35 (prepubertal), day 63 (pubertal) and day 91 (adult). At least five animals of each sex were studied at each developmental age and sex.
Rats were killed by decapitation. Blood was collected in chilled, EDTA-containing tubes for subsequent plasma renin radioimmunoassay. Organs were snap-frozen in liquid nitrogen within 3 min. Kidneys were sagittally bisected prior to freezing. All tissue was stored at -80'C until used.
RNA studies
Homogenization of various tissues was carried out in 4 M guanidine thiocyanate, 0.5% sodium-n-lauryl sarcosine, 25 mM sodium citrate, 0.1 M f-mercaptoethanol and 2 M CsCl (6). Anglerfish islet cell mRNA was added to the homogenate (1 gg RNA/g of tissue) as a recovery marker (7, 8 (10) . Nucleotide sequence analysis revealed that this cDNA consists of nucleotides 650 to 1 140 ofrat angiotensinogen cDNA. This probe was initially used for protocol 1 . Subsequent studies were performed with a full length rat liver angiotensinogen probe (pRang 1650) also cloned by Lynch et al. (11) . For renin mRNA determinations we used renin cDNA pDD ID-2, a full length mouse submaxillary gland renin cDNA cloned by Field et al. (12) . As a control probe we used 32p cDNA to anglerfish islet cell insulin (7, 8) .
Radioimmunoassays
Plasma renin concentration assay is performed with rat plasma obtained from blood collected in ice chilled tubes containing sodium EDTA (final concentration of 4 mM). Plasma is incubated with excess exogenous substrate at 370C, pH 7.4 with protease inhibitors (3.4 mM 8-hydroxyquinolone sulfate, 0.25 mM EDTA, 0.1 mM PMSF, 1.6 mM dimercaprol and 5 mm sodium tetrathionate) for 1-3 h. The source of substrate is diluted (1:3) plasma from sheep nephrectomized 48 h before plasma collection. The angiotensin I generated is measured by radioimmunoassay (13) .
Tissue renin concentration is similarly determined. The tissue is homogenized in 0.1 M Tris HC1 pH 7.4 containing the above inhibitors plus 0.1% Triton X-100. After centrifugation to remove debris, the supernatant is assayed as above. Tissue protein concentration is determined by the method of Bradford (14) . Plasma angiotensinogen concentration was determined as previously described (15) . Serum testosterone was determined in representative animals using an RSL kit (Radioassay Systems Laboratories, Inc., Carson, CA) (16).
Statistics and quantification ofmRNA
Autoradiograms generated by slot blots were scanned with a microdensitometer with background set to zero for each autoradiograph. Regression lines were calculated from the integral values obtained by scanning each sample at the serial concentrations of RNA applied to the blot for each. The relative signals of the specific mRNA were estimated from the slope of the regression line, and only r values 2 0.90 were accepted. Slopes of specific mRNA for each condition (e.g., control vs. testosterone) or for each age group (e.g., day 35 vs. day 91) were compared as relative ratios. In our hands 2 90% of our applied samples satisfied these criteria. Sufficient material was available to study specimens with multiple sample applications. Average slopes were directly compared by Student t tests for studies in adult animals. RNA were applied to gels for male, and 50 and 100 ,g for female.
Note that adult male kidney mRNA signal is high and greatly attenuated with castration. (Fig. 1 a) . To study this phenomenon further, adult male rats were castrated as weanlings and raised to adulthood. At killing, the renal angiotensinogen mRNA level had diminished to female level as shown in a representative Northern blot in Fig. 1 a. When such male castrates were treated for 20 d with testosterone pellets designed to release 2.5 mg/d for 21 d (n = 5), the level of renal angiotensinogen mRNA increased dramatically (Fig. 1 a) . To investigate whether androgen is able to increase angiotensinogen mRNA levels in adult female rats, six rats were implanted with slow releasing 50-mg pellets of testosterone (releasing 2.5 mg/d) for 20 d. These animals responded with a marked increase in renal angiotensinogen mRNA levels as compared to control adult female rats (n = 6) given vehicle pellets (Fig. 1 a) . In these animals, blood pressure and weights were similar in control and testosterone-treated animals. To quantitate the above findings, multiple slot blots were performed for each of the conditions demonstrated on Northern analysis as shown in Fig. 1 b. In the adult male WKY, renal angiotensinogen mRNA level decreased by 60% as a result of castration (P < 0.05) and was restored by testosterone administration (columns 1-3). Normal adult female kidney expressed extremely low renal angiotensinogen mRNA level, which was difficult to quantify due to the small amount of detectable signal. However, androgen administration induced a level of expression in the kidney that was comparable to that of the adult male (Fig. 1 b) . Liver angiotensinogen mRNA increased with testosterone treatment also, as shown in Table  I . However, the magnitude of increase was far less than in kidney.
Renal angiotensinogen mRNA expression was also examined during ontogeny in the male and female WKY rat. Total RNA extracted from WKY rat kidney ofdeveloping males and females at prepubertal (day 35), pubertal (day 63), and postpubertal (day 91) ages was hybridized with a32P angiotensinogen pRang 3. On Northern analysis, angiotensinogen mRNA expression appeared to be very low in male kidney before puberty, at which time the level increased markedly and remained so into adulthood (Fig. 2) . In contrast, female kidney expression of angiotensinogen mRNA was low at all ages examined (Fig. 2 a) . An examination of liver angiotensinogen mRNA expression in both male and female rats of the same ages revealed that levels of expression were fairly constant during ontogeny. Furthermore, no evident difference was oW served between the two sexes (Fig. 2 a) .
Quantitative analysis of these developmental studies was performed using slot blot analysis (Fig. 2 b) followed by densitometry. In the male, the very low level of prepubertal renal angiotensinogen mRNA expression increased 10-fold at puberty (P < 0.1) and remained elevated at day 91. Normal female levels for renal angiotensinogen mRNA were very low throughout ontogeny and this precluded accurate analysis. In contrast to renal angiotensinogen mRNA expression, liver levels of angiotensinogen mRNA were not significantly different at various ages studied (P = NS).
To compare angiotensinogen expression with another component of the renin angiotensin system during ontogeny, renin mRNA levels were determined in kidney in all animals studied. In contrast to angiotensinogen, renal renin mRNA levels remained constant throughout development in both male and female rats, as shown in a representative Northern blot (Fig. 2 a) . Densitometric analysis of slot blots for renal renin mRNA during ontogeny are shown in Fig. 2 b and do not reveal significant differences for the various ages studied. Radioimmunoassays showed no marked differences in plasma renin activity or plasma substrate level during development in males or females. These levels did not change with testosterone treatment (Table II) . Serum testosterone levels showed that male levels dropped to female with castration (100-150 gg/dl in normal male; 2-7 gg/dl in normal female and castrate male). Levels in pellet treated animals exceeded that of normal male. Kidney renin concentration was also uninfluenced by the age of animals or by testosterone treatment.
Discussion
In the present study we found a sexual dimorphic expression of renal angiotensinogen mRNA. This difference appears to be androgen dependent based on the following observations: (a) the prepubertal as compared to adult male rat kidney contains significantly lower angiotensinogen mRNA level; the mRNA concentration reached adult level upon puberty; (b) the angiotensinogen mRNA level in the female kidney remain low throughout ontogeny and into adulthood, and is comparable to the level in the prepubertal male rat kidney; (c) the castration of the male rat decreased renal angiotensinogen mRNA level; (d) androgen replacement therapy restored renal angiotensinogen mRNA level in the castrated male rat; and (e) testosterone treatment increased renal angiotensinogen mRNA level in the female.
A growing body of data suggests that androgen may affect renal metabolic processes (17) (18) (19) (20) (21) . For instance, androgen treated female mouse kidney exhibits hypertrophy of renal proximal tubular cells, with increased protein and RNA synthesis (17) . Swank et al. reported that androgen induced the synthesis of many renal enzymes, the most significantly being alcohol dehydrogenase (lOX) and glucuronidase activity (20-50X) (19 shown sex differences in the rates of Na'-H' exchange in the mouse kidney (21). In their experiments, testosterone was found to increase the rate of exchange by more than 100%, while castration of the male mouse decreased Na'-H' exchange. Na' dependent D-glucose transport in mouse renal tubular luminal membranes also exhibited sex difference due to the stimulatory effect of testosterone. Since the present data suggest that androgen may also stimulate renal angiotensinogen mRNA expression and since angiotensin stimulates renal Na'-H' exchange (22) , these findings raise the intriguing possibility that the Na+-H+ exchanger may be influenced by androgen regulated angiotensin expression or the interaction of these two hormones. Our recent in situ hybridization study demonstrates that angiotensinogen mRNA is localized in the proximal tubular cell (5). The proximal convoluted tubule contains angiotensin-converting enzyme as well as Ang I and Ang II receptors. Filtered and reabsorbed renin within tubular cells may therefore generate angiotensin II locally. Liu and Cogan observed that alterations in angiotensin II activity can greatly alter bicarbonate absorption in the early proximal tubule (22) . It may be that the androgen stimulation of the Na+-H+ antiporter is mediated via the local production of angiotensin, a possibility that will require direct measurement.
Yet in studies by Mackovic et al. sex differences in Na+-H+ exchanger were not observed in the rat, nor did exchange rates increase with testosterone treatment (20) . However, as noted above, these investigators did find differences in the rate of Na+-H+ exchange in the mouse (20 (4, 23, 24) . We have observed that renin levels in submandibular gland, heart, testis, and adrenal increase at puberty but not renal renin mRNA. That the levels of renin in these tissues parallel those of androgen, estrogen or gonadotropic hormone suggests that the local renin-angiotensin system may be hormonally influenced. Conversely, the tissue renin-angiotensin system could play an important role in mediating or modulating these hormone functions.
